Introduction
Nonrandom, somatically acquired chromosomal translocations or inversions are the most common genetic lesions in acute leukemia (Rabbitts, 1994) . Speci®c chromosomal rearrangements have been linked to distinct subtypes of leukemia or associated with particular stages of disease progression or prognostic outcomes. These structural rearrangements frequently involve genes encoding transcription factors whose altered functions can interfere with regulatory cascades that have been demonstrated to be critical for controlling the growth, dierentiation and survival of normal blood cell precursors (Look, 1997) . Acute promyelocytic leukemia (APL), has been well characterized at the molecular level to become one of the most compelling examples of aberrant transcriptional regulation in cancer pathogenesis, as well as a unique example of successful osmosis between molecular biology research and clinical research at the bedside.
APL, M3 subtype of acute myeloid leukemia (AML), accounts for more than 10% of all AMLs and is characterized by three distinctive and unique features (reviewed in Warrell et al., 1993b; Grignani et al., 1994; Pandol®, 1996; Kalantry et al., 1997; Melnick and Licht, 1999) : (1) the accumulation in the bone marrow of tumor cells with promyelocytic features; (2) the invariable association with speci®c translocations which always involve chromosome 17; and (3) the exquisite sensitivity of APL blasts to the dierentiating action of retinoic acid (RA) . From this point of view APL has become the paradigm for therapeutic approaches utilizing dierentiating agents. This therapeutic approach is conceptually new in that it does not involve chemical or physical agents to eradicate the tumor by`killing' the neoplastic cells, but rather reprograms these cells to dierentiate normally (Figure 1 ). However, although eective, treatment with RA alone in APL-1 patients induces disease remission transiently and relapse is inevitable if remission is not consolidated with chemotherapy. In addition, in the majority of cases, relapse is accompanied by RA resistance (Warrell et al., 1993b; Grignani et al., 1994; Pandol®, 1996; Kalantry et al., 1997; Melnick and Licht, 1999) .
At the molecular level APL is associated with reciprocal translocation always involving the retinoic receptor a (RARa) gene on chromosome 17 that translocates and fuses to four distinct partner genes (for brevity, hereafter referred as X genes; Figure 2 ). In the vast majority of cases RARa fuses to the PML gene (promyelocytic leukemia gene, originally named myl) on chromosome 15 Goddard et al., 1991; Kakizuka et al., 1991; Pandol® et al., 1991) . In a few cases RARa fuses to the promyelocytic leukemia zinc ®nger (PLZF) gene, to the nucleophosmin (NPM) gene, or to the nuclear mitotic apparatus (NuMA) gene located on chromosome 11, 5 or 11, respectively (Chen et al., 1993a,b; Redner et al., 1996; Wells et al., 1997) .
It is of note that from a clinical stand point, APL associated with the t(11;17)/PLZF-RARa shows a distinctly worse prognosis with poor response to chemotherapy and little or no response to treatment with ATRA . The observation that this subset of APL patients respond dierentially to RA prompted a comparative analysis of the phenotype observed in PML-RARa and PLZF-RARa transgenic mice, and of the transcriptional properties of these two fusion proteins, that was ultimately decisive in rede®ning our understanding of the molecular mechanisms underlying APL pathogenesis (see below).
PML is a member of the RING ®nger family of proteins Goddard et al., 1991; Kakizuka et al., 1991; Pandol® et al., 1991; Reddy et al., 1992; Lovering et al., 1993) . PLZF gene encodes a transcription factor with transcriptional repressive activity, and is a member of the POK (POZ and KruÈppel) family of proteins which shares an Nterminal POZ motif and a C terminal DNA binding domain made by KruÈppel-like C2-H2 zinc-®ngers (Chen et al., 1993b; Bardwell and Treisman, 1994; Li et al., 1997a) . NPM is a major nonribosomal nucleolar phosphoprotein (Feuerstein et al., 1988a,b) . NuMA is a nuclear matrix associated protein which is critical for coordination of mitosis (Gaglio et al., 1995; Wells et al., 1996) . Evidence recently has been accumulating in support of a role for the various X proteins in the control of the transduction of the mitogenic, dierentiating and survival signals (Pandol®, 1996; Kalantry et al., 1997; Wang et al., 1998a,b; Melnick and Licht, 1999) .
RARs are members of the superfamily of nuclear hormone receptors which act as RA inducible transcriptional activators, in their heterodimeric form with retinoid-X-receptors (RXRs), a second class of nuclear retinoid receptors (Chambon, 1996) . The invariable involvement of RARa made APL the ®rst convincing example of aberrant transcriptional regulation in cancer pathogenesis (Warrell et al., 1993b; Grignani et al., 1994; Pandol®, 1996; Melnick and Licht, 1999) . In the absence of RA, RAR-RXR heterodimers can repress transcription through histone deacetylation by recruiting nuclear receptor corepressors (N-CoR or SMRT), Sin3A or Sin3B, which in turn form complexes with histone deacetylases (HDAC1 or 2), thereby resulting in nucleosome assembly and transcriptional repression (Grunstein, 1997) . RA causes the dissociation of the co-repressors complex, and the recruitment of transcriptional coactivators to the RAR-RXR complex, thus resulting in the activation of gene expression which, in turn, can induce terminal dierentiation and growth arrest of cells of various histological origin including normal myeloid hemopoietic cells (Smith et al., 1992; Gudas et al., 1994) .
The various translocations of APL are always balanced and reciprocal resulting in the formation of X-RARa and RARa-X fusion genes and the coexpression of their products in the leukemic blasts (Figure 2 ). These X-proteins have no structural similarities (Figure 2) . At a ®rst glance, it therefore appears that the contribution of the various RARa partners to the two chimeric products is, at a structural level, dramatically dierent and that the only common feature among the fusion proteins is the presence of the RARa domains, suggesting that the disruption of the RARa function is the major and only cause of APL. Despite this diversity, the various X-RARa fusion molecules have the capacity of Figure 1 Dierentiation therapy in APL. APL is characterized by the clonal expansion of malignant myeloid cells blocked at the promyelocytic stage of hemopoietic dierentiation. All-trans retinoic acid (RA) induces the malignant promyelocytes to terminally dierentiate towards mature granulocytes. Occasionally, Auer rods (indicated by the yellow arrows), pathognomonic structures found in the cytoplasm of APL malignant promyelocytes, are still observed in the mature granulocytes upon RA treatment demonstrating that these mature cells originated from the neoplastic clone heterodimerizing with either PML, PLZF, NPM or NuMA, since the regions which can normally mediate X proteins homodimerization are retained in the fusion moiety (Liu and Chan, 1991; Kalantry et al., 1997; Perez et al., 1993; Bardwell and Treisman, 1994; Wells et al., 1997) . Similarly, the RARa portion is able to mediate heterodimerization with RXR, as well as DNA and ligand binding through its RA and DNA binding domains (Perez et al., 1993) . Therefore these fusion products have invariably the potential ability to interfere with both X and RAR/RXR pathways ( Figure 3a) .
However, the initial information accumulated on the function of the fusion proteins of APL was solely based on studies performed in various leukemic cell lines, which, obviously, do not constitute an ideal system for the study of oncogenic transformation. Key questions remain to be answered such as whether the X-RARa fusion proteins are indeed the major oncogenic players in APL, whether they are necessary and/or sucient for leukemogenesis, and whether they can be regarded as identical RARa mutants in view of their identity in their RARa moiety, or if, on the contrary, they are biologically distinct. This is particularly relevant in view of the dierential response to RA in t(11;17) APL, which raises the corollary question if and how the X-RARa protein would directly mediate dierential response to RA. Finally, the role of RARa-X in APL pathogenesis, if any, remains to be explored. The recent use of mouse models to study APL is proving instrumental in addressing these questions.
Modeling APL in the mouse X-RARa proteins are necessary but not sucient to cause leukemia
In order to elucidate, in vivo, the possible leukemogenic role of the fusion proteins present in APL (XRARa and RARa-X) several mouse models have been generated. We and others have generated a human cathepsin-G (hCG) minigene expression vectors to direct the expression of the X-RARa and RARa-X transgenes to the promyelocytic cellular compartment in mice (Grisolano et al., 1994 He et al., 1997; Cheng et al., 1999) , or took advantage of the hMRP8 expression cassette which also drives myeloid speci®c expression in transgenic mice (Lagasse and Weissman, 1994; Brown et al., 1997) . The cathepsin G gene expression, whose product accumulates in the granules found in the cytoplasm of myeloid progenitors and granulocytes, peaks at the promyelocytic stage of myeloid dierentiation while the MRP8 gene is expressed at high levels in early myeloid progenitors but also in more mature myeloid cells (Figure 4) . (Chambon, 1996) . C and E designate the DNA and ligand binding domain respectively. The various functional regions of PML, PLZF, NPM and NuMA are designated as follows: P=proline rich region; R=Ring-®nger domain; B1 and B2=B-boxes 1 and 2; S/P=serine-proline rich region, POZ=BTB/POZ domain; GD=globular domains. The breakpoints where the genes are fused with RARa are indicated by the black arrowheads and phosphorylation sites in PML and NPM are designated by asterisks. The nine zinc ®ngers of PLZF are represented by checked circles. MBD in the NPM scheme denotes the potential metal binding domain and the two boxes numbered 1 and 2 indicate acidic amino acid clusters. The dimerization interfaces are underlined. hCG-PML-RARa transgenic mice Approximately 25% of our hCG-PML-RARa transgenic mice developed acute leukemia and died within 4 weeks after full-blown leukemia displayed in peripheral blood (PB) . In the vast majority of cases leukemia occurred after 12 months of age. The leukemia was characterized by a profound leukocytosis, anemia, thrombocytopenia and extensive organ in®ltration by The biochemical functions of the various RARa-X proteins are presently unclear although preliminary data obtained in transgenic mice reveal that their contribution to APL leukemogenesis could be critical. Unlike the other RARa-X fusion protein, RARa-PLZF exerts a discrete biochemical function since it can bind DNA through the zinc ®nger domains which constitute the PLZF DNA binding domain but loses the repressive transcriptional ability which is mediated, at least in part, by the PLZF POZ domain. Thus, RARa-PLZF can interfere with PLZF biological functions through deregulation of PLZF target genes leukemic cells, including bone marrow, spleen, liver, lymph nodes, kidneys, reproductive organs and lungs. The leukemic cellular population in bone marrow and spleen consisted of myeloid blasts, promyelocytes and myelocytes that partially retained the ability to terminally dierentiate toward mature granulocytes. Flow cytometric analysis with Gr-1 and Mac-1 markers, whose expression increase while myeloid cellular dierentiation progresses, con®rmed the morphological observations . It is interesting to note that in the leukemic phase, hCG-PML-RARa mice showed a marked accumulation of CKit (a cell surface marker for hematopoietic precursors) positive cells in the spleen. Leukemia was preceded by a myeloproliferative disorder of variable duration characterized by the accumulation of immature myeloid cells in the spleen and bone marrow . Transplantation of bone marrow or spleen cells collected from hCG-PML-RARa transgenic mice with leukemia or myeloproliferative disorder caused leukemia in the recipient nude mice .
Grisolano et al. reported that 100% of their hCG-PML-RARa transgenic mice displayed altered myeloid development, manifested by myeloid expansion in bone marrow and spleen as well as by splenic extramedullary hematopoiesis, but normal peripheral blood counts and myeloid dierentiation . Over the course of 6 ± 13 months, 30% of the transgenic mice from three dierent founder lines developed AML. These leukemia showed similar hematological features to our hCG-PML-RARa leukemia, i.e., profound leukocytosis, extensive organ in®ltration by leukemic cells with disruption of normal histologic architecture, markedly increased numbers of promyelocytes, but partial myeloid maturation in PB and bone marrow .
hMRP8-PML-RARa transgenic mice The hMRP8-PML-RARa mice generated by Brown and colleagues developed APL at 3 ± 9 months of age (Brown et al., 1997) . The features of leukemia in these mice were similar to those in hCG-PML-RARa mice on some points, especially the extensive in®ltration of leukemic cells. However, the hCG-PML-RARa and hMRP8-PML-RARa mice diered in several aspects. First of all, the leukocytosis in the PB was not observed. Secondly the leukemic cells were namely promyelocytes with low expression levels of Gr-1 and Mac-1 antigens. Once again, prior to overt leukemia, the hMRP8-PML-RARa mice showed a`preleukemic state', characterized by lower levels of Gr-1 antigen expression and lower granularity (lower side-scatter detected by¯ow cytometry) of the peripheral blood and bone marrow cells (Brown et al., 1997) . Transplantation of leukemic cells into unirradiated FVB/N mice, same strain as the leukemic donor, and the preleukemic cells into lethally irradiated FVB/N mice, resulted in leukemia with identical characteristics to the donor (Brown et al., 1997) . In addition, all the hMRP8-PML-RARa mice developed epidermal papillomas before or simultaneously to the leukemia onset. This further demonstrates the neoplastic activity of PML-RARa, but complicated the analysis of the natural history of the disease rendering even more dicult the maintenance and propagation of these transgenic lines.
Collectively, these data demonstrate that PMLRARa plays indeed a critical role in APL pathogenesis since the mice eventually develop leukemia, but it is not sucient to trigger full blown leukemia since in all these transgenic models leukemia does not occur at birth and is preceded by a preleukemic period of variable length where the cells do not invade the PB nor other organs. Thus, other events have to occur in order to transform the aberrant hemopoiesis observed in the various transgenic lines in full blown leukemia.
The X-RARa fusion proteins are biologically distinct RARa mutants
We have generated hCG-transgenic mice for all the four X-RARa fusion genes of APL (He et al., 1997, 1998a, and unpublished data) . This gave us the opportunity to study, on a comparative basis, the biological activity of these molecules and to determine if they cause identical or dierent phenotypes . hCG-PLZFRARa transgenic mice developed leukemia and died between 6 and 18 months of age. This leukemia also displayed a dramatic leukocytosis accompanied with modest anemia and thrombocytopenia in the PB, but were characterized by the in®ltration in all organs examined of leukemic cells that fully retained the capacity to terminally mature. Flow cytometric analysis showed that the majority of the leukemic cells in bone marrow and spleen were Gr-1 and Mac-1 double positive. In addition, the expression level (¯uorescence intensity) of both Gr-1 and Mac-1 were higher than those in hCG-PML-RARa leukemia. Furthermore, unlike in hCG-PML-RARa leukemias, the percentage of C-Kit positive cells was the same as in wild-type mice. Thus, the leukemia in hCG-PLZF-RARa mice resembled human chronic myeloid leukemia (CML) more than classical APL. In agreement with our observation, Cheng et al. (1999) recently con®rmed that the leukemia in their hCG-PLZF-RARa transgenic mice were characterized by CML like morphological features. The leukemia were once again preceded by a myeloproliferative disorder of various duration . In this phase, proliferation of myeloid precursors increased, but the cells retained the ability to terminally dierentiate into granulocytes. Various mature stages of myeloid cells progressively accumulated in the bone marrow and spleen, and in some cases the peripheral blood. As for the hCG-PML-RARa mice, transplantation of bone marrow or spleen cells from hCG-PLZF-RARa mice with leukemia or myeloproliferative disorder caused leukemia in the recipient nude mice.
More recently, Cheng et al. reported that hCG-NPM-RARa mice develop leukemia after a period of latency exceeding 1 year. The leukemia in hCG-NPMRARa mice were characterized by heterogeneity in cytology/pathology, with a spectrum of manifestations from typical APL to CML-like syndrome (Cheng et al., 1999) .
Thus, the various X-RARa mutants in spite of their identity in the RARa portion do not represent identical RARa mutants. This dierence is particularly prominent in comparing hemopoiesis of hCG-PLZF-RARa and hCG-PML-RARa transgenic mice. In particular the hCG-PLZF-RARa fusion protein fails to cause the block at the promyelocytic stage which is distinctive of APL. In human t(11;17) blasts, the dierentiation block at the promyelocytic stage might be conferred by some additional events such as the coexisting RARa-PLZF fusion protein.
The X-RARa fusion proteins directly mediate dierential response to RA Administration of RA to hCG-PML-RARa leukemia mice at a dose equivalent to the one that would be utilized for the treatment of human APL patients induced, as in human APL, complete albeit transient disease remission (Brown et al., 1997; Grisolano et al., 1997; He et al., 1997) . The cells from hCG-PMLRARa leukemia dierentiated upon RA treatment in vitro and in vivo (Brown et al., 1997; Grisolano et al., 1997; He et al., 1997) . The bone marrow cells of hCG-NPM-RARa were also sensitive to RA treatment in vitro, as reported for human patients harboring t(5;17) (Cheng et al., 1999) .
On the contrary, while RA could prolong the survival of the hCG-PLZF-RARa leukemic mice, complete remissions were never achieved, precisely as observed in human t(11;17) APL upon RA treatment .
These data provide conclusive evidence demonstrating that, in vivo, X-RARa directly mediate dierential response to RA (Brown et al., 1997; Grisolano et al., 1997; He et al., 1997 He et al., , 1998a .
Dierences and similarities between human and murine APL
Taken together, the various mouse models of APL generated by various laboratories develop leukemias with features which closely mimic human APL (Brown et al., 1997; Grisolano et al., 1997; Cheng et al., 1999) . For instance, PML-RARa or NPM-RARa mice are responsive to RA treatment, while PLZF-RARa mice develop RAresistant leukemia (Brown et al., 1997; He et al., 1997 He et al., , 1998a Cheng et al., 1999) . However the disease observed in some of these APL models exhibited several discrepancies when compared to the human APL. For example, while human APL is characterized by leukopenia, leukemias in the various hCG-transgenic mice are characterized by high white cell counts He et al., 1997 He et al., , 1998a Cheng et al., 1999) . In addition, the in®ltrating cellular population partially retains the ability to terminally dierentiate towards mature granulocytes, which is not observed in hMRP8-PML-RARa mice nor in human APL He et al., 1997 He et al., , 1998a Cheng et al., 1999) .
Implications for the molecular pathogenesis of APL As aforementioned, the leukemic phenotype in the various X-RARa transgenic mice was preceded by a variable latency or long pre-leukemic period and no mice were leukemic at birth. In addition, in all the transgenic lines leukemia has an incomplete penetrance with the exception of the PLZF-RARa mice. Several interpretations which are not mutually exclusive have been proposed in order to explain these ®ndings: (1) the reciprocal translocation (RARa-X) is also required for full-blown leukemogenesis; (2) other mutations (or secondary hits) are required; and (3) the relative level of expression of the X-RARa transgene with respect to the wild-type X and RARa genes is not appropriate. From this point of view it is important to remember that in the blasts of human APL, in view of the translocation the normal gene dosage of X and RARa is reduced to heterozygosity, whereas in the X-RARa transgenic mice the two normal copies of the gene X and RARa are still intact. This aspect is of particular relevance if the X-RARa was to act as dominant negative inhibitors of RARa and X functions, since, in this case, the products of the two normal RARa and X genes could antagonize X-RARa leukemogenetic potential in the transgenic system (Figure 3a) .
In order to test whether the increase in the expression level of the X-RARa transgene or the decrease in the dose of the gene X and RARa, i.e., changes of the relative expression level of wild-type genes and fusion genes, would potentiate the leukemogenic capacity of the APL speci®c fusion molecules, two experiments can be performed taking advantage of the availability of both the transgenic models and X and RARa knock out mice (Lufkin et al., 1993; Barna et al., 1998; Wang et al., 1998b) : ®rstly, to test the relation between transgene expression level and the leukemia development, it is possible to analyse the latency and leukemia features between homozygous and heterozygous transgenic mice within each transgenic line; secondly, to test the relation between the reduction of normal X and RARa dosages and leukemogenesis, it is possible to analyse the latency and leukemia features in X-RARa/X +/7 /RARa +/7 and X-RARa/X mice (Barna et al., 1998; Wang et al., 1998b) and having obtained RARa mice (Lufkin et al., 1993) we are currently performing these experiments in a systematic manner. Preliminary results obtained interbreeding hCG-PML-RARa transgenic mice with PML 7/7 reveal a signi®cant increase in the frequency of leukemia in both PML +/7 and PML 7/7 background cohorts, as well as an earlier onset of the disease (Wang et al., 1998a) . Furthermore, mice homozygous for the hCG-PML-RARa transgenes also develop leukemia at higher incidence and earlier presentation (Wang et al., 1998a) . The intercrossing between PLZF 7/7 with hCG-X-RARa is underway. The acceleration of leukemia observed reducing the dose of PML could be due on one hand to the change of the ratio between the fusion gene and the wild-type PML gene since, as above mentioned, X-RARa can act as a dominant negative on X function, or on the other hand due to haploinsuciency or loss of function of the PML protein per se. X proteins, at least PML and PLZF, have been in fact shown to function as growth/ tumor suppressors and to promote cell death (Mu et al., 1994; Koken et al., 1995; Quignon et al., 1998; Shaknovich et al., 1998; Wang et al., 1998d; Yeyati et al., 1999) . PML 7/7 mice are highly susceptible to carcinogen-induced tumor development though no spontaneous leukemia or tumors observed (Wang et al., 1998b) . Moreover, PML has been demonstrated to be a critical component of the RA pathway required for the ability of RA to induce growth inhibition and or myeloid dierentiation (Wang et al., 1998b) . However, even in PML-RARa/PML 7/7 mice leukemia does not occur at birth but after 4 ± 6 months. Thus, the reduction of RARa to heterozygosity and/or the presence of the reciprocal RARa-PML fusion protein, or the presence of other mutational events may further contribute to leukemogenesis. We are presently testing these various possibilities.
RARa-X proteins play a role in leukemogenesis
The reciprocal RARa-PML fusion protein consists of RARa transactivation domain A (Chambon, 1996) , fused to the COOH-terminus of PML to which no discrete biochemical functions have been attributed to date (Goddard et al., 1991; Kakizuka et al., 1991; Alcalay et al. 1992; Chang et al., 1992) (Figure 3b ). RARa-PML transcript are present in 70 ± 80% of APL patients with t(15;17) (Alcalay et al., 1992; Chang et al., 1992; Grimwade et al., 1996) . No apparent dierence has been observed in RA sensitivity or clinical outcomes in APL patients who do or do not harbor the RARa-PML transcript (Grimwade et al., 1996; Li et al., 1997b) . APL patients with prolonged remissions do not appear to express the PML-RARa transcript, as evaluated by RT ± PCR, but are in some cases still positive for the expression of the RARa-PML fusion transcript which can be nevertheless attributed to a dierential sensitivity of the RT ± PCR assay (Tobal et al., 1995) . Interestingly, however, an APL patient whose blasts harbored the RARa-PML but not the PML-RARa fusion gene was also identi®ed (Lafage-Pochitalo et al., 1995) . Therefore, if RARa-PML is necessary and/or even sucient for leukemogenesis is still an open question. We and others generated RARa-X transgenic mice (Pollock et al., 1997; He et al., 1998b) . Pollock et al. generated hCGRARa-PML transgenic mice which they further interbred with their hCG-PML-RARa transgenic mice to determine whether RARa-PML play a role in leukemogenesis and to assess whether expression of both fusion genes might aect the latency and/or penetrance of leukemia. They concluded that the expression of RARa-PML alone did not lead to APL, but that co-expression of RARa-PML with PML-RARa increased the penetrance and the onset of leukemia development (Pollock et al., 1997) .
In all analysed cases of t(11;17) APL the reciprocal RARa-PLZF transcript was consistently found expressed Grimwade et al., 1997) . The RARa-PLZF fusion protein contains the RARa transactivation domain A fused to the last seven zinc ®ngers of PLZF Grimwade et al., 1997) (Figure 3b) . As previously mentioned, PLZF is a transcription factor expressed in early hematopoietic cells and down-regulated during hemopoietic differentiation (Reid et al., 1995) . Its DNA binding domain has been mapped to the last ®ve zinc ®ngers (Sitterlin et al., 1997) , while its N-terminal POZ/BTB domain interacts with N-CoR/SMRT/HDAC and mediate transcriptional repression (Grignani et al., 1998; He et al., 1998a; Lin et al., 1998) . Unlike the wild-type PLZF, RARa-PLZF can bind DNA, but can no longer repress transcription, thus, in principle, interfering with the transcriptional repressive activity of PLZF by competitive binding to its responsive elements (Li et al., 1997a; Sitterlin et al., 1997; Ivins and Zelent, 1998; Yeyati et al., 1999) . To date, PLZF responsive elements have been identi®ed in regulatory elements of several genes such as Cyclin A, Hox B2 and HOXD11 genes (Barna et al., 1998; Ivins and Zelent, 1998; Yeyati et al., 1999) . hCG-RARa-PLZF transgenic mice have been generated and preliminarily characterized (He et al., 1998b) . In a 2 year follow-up, no hCG-RARa-PLZF mice developed full-blown leukemia. Automatic and dierential counting of peripheral blood were also found normal. However, hCG-RARa-PLZF mice showed splenomegaly with marked extramedullary hematopoiesis. Dierential counts and¯ow cytometric analysis of bone marrow and spleen revealed abnormal hematopoiesis with increased percentages of myeloid cells, macrophages and eosinophils. This observation demonstrates that RARa-PLZF, albeit not sucient for leukemogenesis, can impair myelopoiesis. Intercrosses between PLZF-RARa transgenic mice and RARa-PLZF transgenic mice are ongoing and will tell to which extent RARa-PLZF can modify and/or accelerate leukemogenesis in PLZF-RARa mice. It must be remembered, in fact, that leukemia in PLZFRARa mice lacks the classical block of dierentiation at the promyelocytic stage which characterizes APL. It will be also interesting to test whether RARa-PLZF could further contribute to the unresponsiveness to RA observed in t(11;17) APL.
The various methodological approaches in modeling APL in the mouse and their biological implications
Classical transgenic approach
In principle, the generation of a transgenic animal which carries in the germ line a desired mutation exogenously introduced (transgene) by physically microinjecting the`unicellular' mouse embryo (fertilized egg) is still to date the most straightforward approach available in order to test, in vivo, the pathogenic potential of any aberrant gene product (Boyd and Samid, 1993) . Since the genetic alterations associated with cancer, such as chromosome translocations in the case of leukemia, are acquired and somatic lesions which occur in a speci®c cell type, the key point for this approach is to identify and utilize appropriate expression vectors in order to direct the expression of the aberrant gene to a speci®c target tissue or to a restricted cell compartment, thus mimicking the human malignancy of interest in the experimental animal.
The ®rst successful attempt of modeling leukemia in the experimental mouse was carried out testing the in vivo leukemogenic potential of the BCR-ABL fusion gene (Heisterkamp et al., 1990) . Two dierent isoforms of BCR-ABL, P210 and P190, are found in the blasts of human chronic myeloid leukemia (CML) and of acute lymphoblastic leukemia (ALL) patients respectively, due to various breakpoints in BCR locus (Shtivelman et al., 1985; Mes-Masson et al., 1986; Griths et al., 1992) . Initial attempts to express a BCR-ABL P210 transgene under the control of human BCR promoter failed because of deleterious eects of the construct on embryogenesis (Heisterkamp et al., 1991; Voncken et al., 1995) . However, when the expression of BCR-ABL was driven by the metallothionein (MTT) promoter, which supposedly drives in vivo unrestricted and Zn inducible transgene expression, MTT-BCR-ABL transgenic mice were viable and developed T-or B-lymphoid leukemia (Heisterkamp et al., 1991) . Nevertheless, none of these transgenic lines developed classical CML even with the BCR-ABL P210 isoform, which in human is strictly associated with CML (Voncken et al., 1995) .
While`ubiquitous' expression of BCR-ABL P210 or BCR-ABL P190 is compatible with adult life and eventually results in leukemia, the same is not true in the case of the PML-RARa fusion protein associated with APL, as its unrestricted or untimely expression in transgenic mice is either incompatible with life or ineective. In fact, our initial attempts to generate PML-RARa transgenic mice utilizing ubiquitous promoters such as the one from the b-actin gene or CMV was unsuccessful precisely because it invariably resulted in embryonic lethality (He et al., 1997, and unpublished observations) . The generation of transgenic mice harboring PLZF-RARa under the control of the CMV or the SV40 promoter also resulted in neither expression of the fusion gene, nor in leukemogenesis (Cheng et al., 1999) . Using the MTT promoter to drive the expression of PML-RARa, the transgenic mice did not develop leukemia either, but did show liver pathology including the development of hepatocellular carcinomas after 5 days zinc stimulation (David et al., 1997) . The PML-RARa protein was found expressed in the altered tissues at much higher levels than in the surrounding normal liver tissues. In addition, overexpression of PML-RARa was accompanied by a strong proliferative response in hepatocytes (David et al., 1997) . These data on one hand con®rmed the oncogenic role of PML-RARa, on the other hand, further corroborated the importance of using more appropriate and tissues speci®c promoters in order to reproduce the APL phenotype in mouse models.
Several options are available to direct in vivo the expression of an aberrant gene product to the lymphoid compartment. The CD2 locus control region (Badiani et al., 1996) and the Lck proximal and distal promoters, as examples, retain regulatory elements which have been tested to be sucient to drive in vivo high levels as well as T-cell speci®c expression of the transgene (Voncken et al., 1995; Wildin et al., 1995) , thus providing an invaluable instrument for testing in the mouse the activity of aberrant gene products associated to ALL and/or lymphoma pathogenesis. Furthermore, utilizing the aforementioned regulatory elements it is also possible to restrict the expression of the transgene either to immature progenitors (e.g. utilizing the Lck proximal promoter which is active in thymocytes (Wildin et al., 1995) ), or to more mature lymphoid cells (e.g. utilizing the Lck distal promoter which is active in mature thymocytes and peripheral T lymphocytes (Wildin et al., 1995) ).
However, the search for the appropriate myeloid speci®c promoter in order to model APL in the mouse proved not to be an easy task, which prompted our own group and others to test and develop alternative expression vectors for in vivo transgene expression (Figure 4 ). For example, transgenic mice for the PMLRARa fusion gene under the control of the myeloid speci®c CD11b promoter which drives transgene expression relatively late in myeloid maturation (Figure 4) , did not develop leukemia (Early et al., 1996) . However, these mice displayed a defect in myeloid precursor response to cytokines and a profound neutropenia after sublethal irradiation (Early et al., 1996) . Similarly, the restricted expression of PML-RARa to the CD34 + /hemopoietic stem cell/ early myeloid compartment by means of c-Fes expression vector was not leukemogenic either (P Greer, personal communications) (Figure 4) . The comparative meta-analysis of these results along with the results obtained in X-RARa mice which do develop leukemia, lead to the conclusion that the lineage-and stage-speci®c expression of the fusion genes of APL is critical for their leukemogenic potential.
In conclusion, the conventional transgenic approach constitutes a very powerful tool to study leukemogenesis in vivo, but it has several limitations: (1) frequently an appropriate expression vector to target the expression of aberrant gene in the`right' cell compartment is not available; (2) the expression level of the transgene may be in¯uenced along with the promoter activity by the copy number and the integration site of the transgene; and (3) the endogenous wild-type counterparts of the genes involved in the mutation are still present in normal dosage. This aspect is of particular relevance when the aberrant gene product is thought to interfere with the normal function of its parental genes.
Modeling APL by a`knock in' approach
To circumvent the disadvantages encountered utilizing a conventional transgenic approach a number of investigators have used an alternative strategy referred to as`knock in' approach to introduce an aberrant gene in the mouse germline. In this approach the mutated gene is targeted directly to a prede®ned locus in the mouse genome by homologous recombination in mouse embryonic stem (ES) cells. These cells are subsequently utilized to generate a mutant mouse/ embryo and/or chimeras (Castilla et al., 1996; Yergeau et al., 1997; Okuda et al., 1998; Pandol®, 1998) . This approach has been used to replace a normal gene with an aberrant version of the same gene, thus closely mimicking what occurs in the altered cells in human disease. For example, the`knock in' approach has been successfully utilized to target the BCR-ABL P190 fusion gene into the BCR locus and to generate chimeric mice which developed B-cell ALL, exactly reproducing in the mouse the phenotype observed in human patients (Castellanos et al., 1997) . Similarly, AML1-ETO fusion cDNA resulting from the t(8;21) observed in the AML-M2 subtype of myeloid leukemia was used to replace the normal AML1 gene in order to model this AML-M2 subtype in the mouse. However, this replacement resulted in the embryonic lethality of the heterozygous mutants due to the block of fetal hemopoiesis, with a phenotype similar to the one observed in the AML-1 knock out' homozygous mice (Yergeau et al., 1997; Okuda et al., 1998) . Despite the impossibility of characterizing the leukemogenic role of AML1-ETO, the`knock in' experiment was extremely informative since it supported the notion that the fusion protein could act in a dominant negative manner thus blocking AML1 function (Okuda et al., 1998) . We have utilized the`knock in' approach to generate mice harboring the fusion PLZF-RARa targeted to the PLZF locus (Merghoub, unpublished observation) . This experiment will be crucial to determine if the fusion protein is indeed dominant over X and RARa functions. If this is the case, the PLZF-RARa`knocked-in' heterozygous mutants should show the phenotype observed in PLZF and RARa null mutants. We are presently characterizing the resulting mice and chimeras.
The`knock in' approach has also been utilized to target the aberrant gene into a desired locus other than the involved gene itself. In this case, the gene to be targeted is selected on the basis of its expression pattern which should be restricted to the cell type where the aberrant gene is found to be expressed in the human disease. Ideally, the locus to be targeted should be expressed exclusively in that cell type. In this respect, a successful example of targeting by`knock in' the PML-RARa to the murine cathepsin G locus has recently been reported . Two types of ES cells were generated, cells with the`PGK neo' selectable marker left within the targeted locus and cells where the`PGK neo' gene was excised using the Cre-loxP system (see next section). Recombinant ES cells with either an intact (+) or excised (7) PGKneo' cassette were used to generate mice. No leukemia was observed in PGKneo (+) animals over a period of 57 ± 80 weeks. However,`PGKneo' (7) knock in' mice had a 77% cumulative probability of leukemia by 71 weeks of age, compared with 15% leukemia incidence by the same age observed in a concurrent cohort of hCG-PML-RARa transgenic mice (P50.05) . Thus, the expression of the knocked-in PML-RARa under the control of murine Cathepsin G promoter caused leukemia with higher incidence than previously reported in standard transgenic experiments. Phenotypic characteristics of leukemia in the`knock in' animals were similar to those of hCG-PML-RARa transgenic animals, including leukocytosis, anemia, thrombocytopenia, massive hepatosplenomegaly with extensive leukemic cell in®ltration, and accumulation of promyelocytes in the marrow and spleen. The dierence between the leukemia onset in transgenic and`knock in' mice might be explained by the relatively higher level of expression driven by the promoter of the murine Cathepsin G gene. The failure of PML-RARa to cause leukemia when the`PGKneo' cassette was retained in the locus can be explained by a silencing eect due to the transcriptional interference of the`PGKneo' gene with the expression of nearby genes (the Cathepsin G gene in this case). This`neighborhood eect' which was previously described (Pham et al., 1996) , must be taken into account in the design of animal models through this strategy.
Obviously, the classical`knock in' approach oers several advantages: (1) the appropriate level of expression of the aberrant gene. The aberrant gene which replaces the normal gene is in fact under the control of its natural promoter thus closely mimicking what is occurring, at the somatic level, in the leukemic cell, and avoiding the tedious search for thè appropriate' promoter; (2) the relative dosage of the wild-type counterpart (at least for one of them) and the aberrant gene is, in principle, comparable and their expression should be concordant; (3) the elimination of the variegation eect due to the random insertion of the aberrant gene at dierent location of the genome in transgenic mice thus eliminating variability of expression among founders.
Nonetheless, the`knock in' approach presents several fundamental limitations, too. The translocations associated with leukemia occur at the somatic level, and, presumably, leukemia has a clonal origin arising from a single hemopoietic progenitor, while the fusion gene introduced by`knock in' is carried in the germ cell as an inheritable character. Therefore, unlike somatic translocation, which results in the expression of an aberrant gene in a speci®c subset of cells, thè knock in' results in the expression of the altered gene in all tissues and throughout the developmental stages of the embryo where the targeted gene is normally found expressed. Many of the genes involved in cancer associated translocations play an important role not only in hemopoiesis but also in general development. Thus, the disruption and the expression of the fusion genes in other tissues may result in more broad phenotypes or even cause early embryonic lethality. Hence, the major disadvantage of`knock in' approach is the lack of tissue speci®city.
Cre-LoxP-mediated, tissue speci®c, transgene expression and chromosomal translocations
The Cre-loxP system represents an ideal instrument to manipulate chromosomal organization and to control gene expression in vivo, in a tissue speci®c manner, and at a speci®c dierentiation moment. Cre, the recombinase of bacteriophage P1, is able to mediate the speci®c excision of DNA, which is¯anked by loxP recognition sites, from the genome of mammalian cells in culture and transgenic mice (Kilby et al., 1993; Zou et al., 1994) . The experimental procedure to generate mouse models by using this system consists of three distinct phases: (1) generate a transgenic animal in which the gene of interest is silent because of an intervening sequence¯anked by two loxP sites which is placed between the promoter and the gene; (2) generate transgenic animals in which the Cre gene is expressed in a tissue speci®c manner; and (3) intercross the transgenic mice generated in step 1 with those generated in step 2. Animals generated from these breedings will be transgenic for both constructs. As a result, Cre will excise the loxP-separated intervening sequence, moving the promoter close to the coding region of the gene and resulting in the expression of the gene only in the tissue or cells in which the Cre gene is expressed. The main advantage of this three-step approach is that it allows the dissociation of thè tissue speci®city' of expression from the`level' of expression since the level of expression is controlled by the promoter that drives the expression of the altered gene while the tissue speci®city is conferred by the promoters that drives the expression of the Cre gene. It is thus possible to achieve high levels of expression in a tissue speci®c manner and overcome the embryonic lethality caused by an unrestricted expression of the faulty gene. We have generated transgenic mice where the PML-RARa fusion gene would fall under the control of either the hCMV immediate early gene enhancer/promoter or the human b-actin promoter when a loxP-¯anked Lac-Z reporter/spacer gene is removed by the tissue speci®c activity of the Cre recombinase. We are interbreeding these mice with several Cre transgenic mice to further study the oncogenic potential of PML-RARa.
The Cre-loxP system has also been used to generate tissue speci®c (conditional) gene knock-out mutants where a loxP¯anked critical region of a gene is excised after expression of Cre in the tissue of interest (Gu et al., 1993; Sauer, 1998) . A similar approach has been utilized, in the case of the APL`knocked in' mice, to remove the`PGKneo' gene cassette from the cathepsin G locus in ES cells, thus resulting in the expression of PML-RARa and the consequent leukemia phenotype .
Recently, several reports have explored the possibility of using Cre-loxP system for chromosome manipulation in mammalian cells in vivo, breaking ground for chromosome engineering in the mouse (Ramirez-Solis et al., 1995; Smith et al., 1995; Van Deursen et al., 1995; Lewandoski and Martin, 1997; Herault et al., 1998) . The strategy involves the generation of a mouse where loxP recombination sequences will be introduced by`knock in' approach in trans, into two distinct pre-de®ned chromosomal loci and the interbreeding of this mouse with a transgenic mouse where the expression of Cre is under the control of a tissue speci®c promoter. This will result in a sitespeci®c recombination between the loxP sites, leading to the desired chromosomal rearrangement in the Cre expressing cells. Depending on the position and relative orientation of the two loxP sites, dierent recombination products can be generated, such as deletions, duplications, inversions and translocations (RamirezSolis et al., 1995; Smith et al., 1995) . Thus, the CreloxP system represents a powerful instrument to generate a chromosomal translocation in vivo, in a tissue speci®c manner. For instance, to generate APL mouse models by this approach, mice carrying X and RARa genes¯anked by loxP sites introduced by à knock in' approach, will be crossed with transgenic mice expressing the Cre recombinase under the control of a speci®c promoter such as hCG promoter. The resulting mice will harbor a reciprocal translocation (X-RARa and RARa-X) that occurs only in promyelocytes. The advantage of this system is that the translocation and the simultaneous expression of the resulting fusion proteins (X-RARa and RARa-X) occur at the somatic level as in human APL patients. Thus, the generation of a reciprocal and somatic translocation in the mouse might lead to generation of the`perfect' mouse model of the human disease which may constitute the ideal tool for drug testing in vivo. However, a very important limitation of this approach might be constituted by the low frequency of Cre mediated chromosomal translocation, although, in principle, a single event should be enough to lead to neoplastic transformation.
Transgenic models of APL for the development of new therapeutic strategies APL has become the paradigm for`cancer differentiation therapy' being the ®rst convincing example of a successful application of a therapeutic strategy which targets the activities of a speci®c oncoprotein with a cell dierentiation agent, RA (Warrell et al., , 1993b Grignani et al., 1994; Pandol®, 1996) . RA induces complete remission in 70 ± 95% of APL patients (Fenaux and Degos, 1997; Tallman et al., 1997) . The reasons for the spontaneous RA resistance in the remaining APL patients have not been elucidated. It has been demonstrated that APL characterized by translocations between PLZF and RARa genes do not respond or respond poorly to RA . Moreover, upon prolonged RA treatment, RA responsive APL eventually becomes RA resistant . As aforementioned, X-RARa transgenic mice have been used to test response to RA and the results are consistent with human APL patients (Brown et al., 1997; Grisolano et al., 1997; He et al., 1998a) . PML-RARa mice attained transient complete remission upon RA treatment, while PLZF-RARa mice, at the same dose of RA, never achieved remission though RA treatment prolonged survival . However, in both PML-RARa and PLZF-RARa mice, leukemia relapsed becoming RA insensitive . Thus, XRARa mice represent an invaluable model system to study the mechanisms underlying resistance to RA in APL as well as to develop therapeutic approaches to overcome RA resistance and to potentiate the therapeutic eects of RA.
RA and cytokine associations for APL treatment
The potential synergism between RA and cytokines is a controversial issue. RA and cytokine combinations, including interferon (IFN), granulocyte colony-stimulating factor (G-CSF), interleukin (IL)-1a, IL-4, tumor necrosis factor (TNF), were found to increase dierentiation of HL60 and U937 cells though these cytokines had no dierentiating eect by themselves (Peck and Bollag, 1991; Nason-Burchenal et al., 1996) . Lack of TNFa expression or the expression of IL-3, Gor GM-CSF by blasts from APL patients signi®cantly reduced the dierentiating potential of RA in APL cells (Dubois et al., 1994) . It was reported that IFN could restore RA sensitivity in a relapsed APL patient and complete remission was achieved after combination therapy (Koller et al., 1991) , but this result could not be con®rmed in other patients (Warrell, 1993a) . It is known that RA can lead to the degradation of the PML-RARa fusion protein (Raelson et al, 1996; Koken et al., 1994 Koken et al., , 1999 Weis et al., 1994) , while IFN stimulates PML, as well as PML-RARa expression , Lavau, et al., 1995 . The potential ecacy of RA and IFN in combinations can be precisely and reliably tested in the various X-RARa mice.
More promising data have been obtained utilizing RA and G-CSF combinations. Cassinat et al. reported that these drugs in combination enhanced the terminal dierentiation of fresh t(15;17) positive APL blasts (Cassinat et al., 1998) . Striking granulocytic maturation was also observed in vitro when APL blasts from a t(11; 17) patient were cultured with RA and G-CSF though treatment with a single agent did not induce dierentiation of the leukemic cells. When the patient was administered RA and G-CSF at leukemia relapse, in vivo, granulocytic maturation and consequent complete remission at hematological, cytogenetic and RT ± PCR levels was achieved (Jansen et al., 1998) . In addition, bone marrow cells isolated from hCG-PLZFRARa leukemic mice responded much better to RA when cultured in a 2% murine spleen cell conditioned medium (MSCCM) containing IL-3 and GM-CSF (unpublished observation). These observations encourage investigations aiming at evaluating the ecacy of combination of RA and hematopoietic growth factors in RA resistant leukemia. Therapeutic trials with RA and G-CSF combinations in hCG-PLZF-RARa leukemic mice are currently ongoing.
Arsenic trioxide (As 2 O 3 ) and RA/As 2 O 3 combinations Arsenic trioxide (As 2 O 3 ), a chemical used in traditional Chinese medicine, has recently been proven to be extremely eective in the treatment of APL. About 90% of APL patients treated with As 2 O 3 alone achieved complete remission, even though they were resistant to RA and/or conventional chemotherapy (Shen et al., 1997; Soignet et al., 1998) . In vitro studies on APL cell lines or fresh APL cells showed that As 2 O 3 could act as a growth inhibitory and pro-apoptotic agent Shao et al., 1998; Wang et al., 1998c) . Low dose of As 2 O 3 may trigger partial dierentiation of the leukemic blasts . As 2 O 3 -induced apoptosis might be mediated by down-regulation of BCL-2 gene expression, upregulation of the expression of the proenzymes of caspase 2 and 3 and activation of both caspase 1 and 3 (Chen et al., 1996; Soignet et al., 1998; Wang et al., 1998c) . However, the information obtained from in vitro studies is controversial in respect to two main questions: (1) whether As 2 O 3 works speci®cally and only on APL cells harboring PML-RARa or if it can be utilized also for the treatment of APL harboring variant translocations; and (2) whether combinations of As 2 O 3 and RA act in a synergistic or antagonistic manner in the treatment of APL.
It was proposed that the degradation of PMLRARa would be critical in mediating the biological eects of As 2 O 3 in APL (Chen et al., 1996) . As 2 O 3 may induce the degradation of the PML-RARa protein through ubiquitination of the PML moiety (Chen et al., 1996; Kamitani et al., 1998; Puccetti et al., 1998; Wang et al., 1998c) . However, NB4-306 cells, a RAresistant cell line derived from NB4 that no longer expresses the intact PML-RARa fusion protein, responded to As 2 O 3 as the parental NB4 cells Wang et al., 1998c) . These ®ndings suggest that As 2 O 3 inhibit growth and induce apoptosis in PML-RARa independent manner and that this drug could also be eective in t(11;17) APL and other malignancies. However, so far no data are available in t(11;17) patients. It has been reported that As 2 O 3 failed to induce apoptosis and dierentiation in vitro in PLZF-RARa positive cells isolated from a relapsed t(11;17) APL patient (Koken et al., 1999) . Therapeutic trials in PLZF-RARa transgenic mice using As 2 O 3 will provide conclusive information on whether As 2 O 3 would be eective in APL which do not harbor PML-RARa.
RA and As 2 O 3 are both very eective anti APL drugs. RA triggers dierentiation while As 2 O 3 induces both apoptosis and a partial dierentiation (Wang et al., 1998c; Gianni et al., 1998) . They would therefore be expected to synergize. In fact, APL cell lines resistant to one agent are sensitive to the other (Wang et al., 1998c; Gianni et al., 1998) . However, it has been proposed that As 2 O 3 and RA might act through dierent and opposing mechanisms. On one hand, RA would induce dierentiation which requires the transcriptional activity of PML-RARa. On the other hand, As 2 O 3 would induce the degradation of the PML-RARa protein in turn inducing apoptosis. As 2 O 3 and RA could therefore antagonize each other, limiting the possibility to utilize combinations of these compounds in clinical trials . Studies using fresh leukemia cells from patients with APL showed that As 2 O 3 interfered with RA-induced dierentiation. Co-treatment with both RA and As 2 O 3 reduced the percentage of dierentiated cells, in agreement with the decrease in type II transglutaminase activity, which had been shown to be increased during RA-induced dierentiation in NB4 cells . To test the bene®t of combining RA and As 2 O 3 in vivo, PML-RARa leukemic mice and syngenic grafts of leukemia blast from PML-RARa transgenic mice have been used to evaluate and compare the ecacy of RA or As 2 O 3 alone and their combination (Rego et al., 1998; Lallemand-Breitenbach et al., 1999) . The results demonstrated that As 2 O 3 alone induced apoptosis and modest dierentiation of leukemic cells and prolonged mouse survival. Combining As 2 O 3 with RA accelerated tumor regression and dramatically prolonged survival through enhanced dierentiation and apoptosis (Lallemand-Breitenbach et al., 1999) .
RA and histone deacetylase inhibitors (HDACIs)
Recent studies have proposed a model for the mechanisms of transcriptional silencing by the XRARa fusion proteins, which can explain both the molecular pathogenesis of APL and the dierential response to RA Lin et al., 1998; Grignani et al., 1998; Guidez et al., 1998) . The XRARa fusion proteins homodimerize or replace RARa in heterodimerizing with RXRa, to form co-repressor complexes with NcoR/SMRT-Sin3A-HDAC, which are less sensitive to RA ( Figure 5) , Lin et al., 1998 Grignani et al., 1998) .
PLZF-RARa can form co-repressor complexes via its PLZF moiety, which are insensitive to RA Cheng et al., 1999; Lin et al., 1998; Grignani et al., 1998; Grunstein, 1997; Chambon, 1996) . Therefore, the X-RARa fusion proteins of APL can exert their leukemogenic potential through an aberrant HDAC-dependent chromatin remodeling and transcriptional repressive ability. Histone deacetylase inhibitors (HDACIs) such as trichostatin A (TSA), in combination with RA, can overcome the transcriptional repressor activity of PML-RARa and PLZFRARa. Furthermore, TSA can overcome the RA resistance of leukemic cells from PLZF-RARa transgenic mice . These observations suggest that HDACIs alone or in combination with RA, which we refer to as`transcription therapy', might be useful in the treatment of APL (He et al., 1998c) .
Several classes of HDACIs have been identi®ed including short chain fatty acids (e.g., butyrates) and organic hydroxamic acids [e.g., TSA and hybrid polar compounds (HPCs)] (Richon et al., 1998). Sodium phenylbutyrate (SPB) has previously been used as a single agent in the treatment of b-thalassemia, due to its ability to induce the expression of the g-globin gene (Dover et al., 1992) . Recently, we have successfully utilized SPB in combination with RA for the treatment of one case of APL refractory to multiple chemotherapeutic regimens as well as to RA . Preliminary results indicate that HDACIs such as SPB, TSA and suberanilohydroxamic acid (SAHA), a newly synthesized hybrid polar compound , invariably exerted a dramatic growth inhibitory and pro-apoptotic activity in leukemia cell lines such as NB4 (APL cell line), or in HL60 and U937 cell lines which do not harbor the APL fusion genes (He et al., 1998c) . Inhibition of proliferation and induction of apoptosis by HDACIs were potentiated by RA. RA-induced dierentiation was potentiated by these HDACIs, though no dierentiation could be induced by HDACIs themselves. Despite their marked antitumoral activity these compounds display negligible toxicity in mice at doses that were able to induce accumulation of acetylated histones in peripheral blood and bone marrow cells (He et al., 1998c) . These promising preliminary results prompted us to initiate in our X-RARa leukemia models the ®rst in vivò transcription therapy' trials with HDACIs or HDACIs/RA combinations ( Figure 6 ).
Since HDACIs work as growth inhibitors and apoptosis inducers irrespectively of the presence of XRARa proteins, these drugs may be useful in combination with RA or alone in the therapy of other leukemias and cancers. Indeed, dierentiating, growth inhibitory and/or pro-apoptotic activity by HDACIs has recently been reported in other tumor cell lines (Richon et al., 1998, and unpublished observations) . The molecular mechanisms underlying the broad antitumoral actions of HDACIs have not been clari®ed. It has been proposed however that HDACIs may speci®cally derepress a pre-programmed set of genes whose transcriptional activation induces cell-cycle arrest, apoptosis and/or cell dierentiation (He et al., 1998c) .
Conclusions
It is more and more apparent that murine models of human diseases go far beyond the simple mimicry of Figure 5 Mechanisms of transcriptional repression in APL pathogenesis. In the absence of the ligand, RARa heterodimerizes with RXRa and acts as a transcriptional repressor by recruiting nuclear receptor co-repressors, NcoR, SMRT, Sin3 and in turn HDACs. The presence of RA, at physiological concentrations, induces an allosteric change in the receptor leading to the release of the corepressor complex and the recruitment of the co-activator complex thus leading to the activation of transcription of genes required for cellular dierentiation and growth inhibition. At this concentration of the ligand, both PML-RARa and PLZF-RARa are potent transcriptional repressors in view of an increased and aberrant anity for nuclear co-repressors and HDACs. At pharmacological dose of RA, while PML-RARa can be freed from co-repressors interactions thus directly mediating trans-activation of RARa target genes, PLZF-RARa, via the PLZF moiety, renders the leukemic cells RA unresponsive through co-repressor interactions which are insensitive to RA Figure 6 Combinations of HDAC inhibitors (HDACIs) and RA in the treatment of APL. HDACIs might synergize with RA by blocking HDAC activity within the aberrant repressive transcription complex, thus antagonizing transcriptional repression by the APL fusion proteins as well as their leukemogenic potential the human pathological condition, providing invaluable insights in the de®nition of the mechanisms underlying any etiopathogenetic process, while allowing the validation, in vivo, under physiological conditions, of any biochemical hypothesis. In particular, modeling APL in vivo in the mouse has been, and still is, a most rewarding an exciting adventure, not only because the mouse models generated are so accurately reproducing the human condition, but, more importantly, because these models have been continuously prompting the elaboration of new mechanistic hypotheses, also revealing new potential therapeutic strategies which can subsequently be validated in vivo.
